The influence of exchange interaction between paramagnetic ions on the luminescence properties is investigated for Mn The luminescence properties of pairs of ions can be different from the luminescence properties of single ions, for example, due to energy transfer processes within the pair 1,2 or pair interactions, which shift the positions of energy levels.
The influence of exchange interaction between paramagnetic ions on the luminescence properties is investigated for Mn The luminescence properties of pairs of ions can be different from the luminescence properties of single ions, for example, due to energy transfer processes within the pair 1,2 or pair interactions, which shift the positions of energy levels. 3, 4 Research on the luminescence properties for ion pairs is not only interesting from a fundamental point of view. Some applications rely on the interactions within pairs of optically active ions. A recent example is the possibility of quantum cutting through down conversion which is based on energy transfer processes within a pair of Gd 3ϩ -Eu 3ϩ ions. 5 Another issue is the long lifetime of the spin-forbidden emission from Mn 2ϩ . For some applications, the long lifetime of the Mn 2ϩ emission is prohibitive. 6 However, due to magnetic interactions in pairs of Mn 2ϩ ions, the spin selection rule can be relaxed resulting in lifetime shortening. [7] [8] [9] In this paper, various luminescent properties of exchange coupled paramagnetic ions are studied.
Luminescent materials based on the luminescence of Mn 2ϩ have a long history. In the first generation of commercial fluorescent lamps, ͑Zn,Be͒ 2 SiO 4 :Mn 2ϩ was used. In 1948, calcium halophosphate activated with Sb 3ϩ and Mn 2ϩ was discovered. 10 For decades, this material has been applied as a phosphor in fluorescent lamps until lanthanide-doped phosphors have ͑partly͒ replaced calcium halophosphate because of the higher efficiency and stability. In recent years, the interest in the well-known green-emitting Zn 2 SiO 4 :Mn 2ϩ phosphor ͑willemite͒ has revived because of the potential application in plasma display panels ͑PDPs͒. Zn 2 SiO 4 :Mn 2ϩ is an efficient luminescent material under vacuum ultraviolet ͑VUV͒ excitation which is generated in the xenon plasma of a PDP. The luminescence of Mn 2ϩ is due to a spin-forbidden transition within the 3d 5 configuration of the Mn 2ϩ ion. Because of the forbidden character of the transition, the lifetime of the Mn 2ϩ emission is long, typically 10 ms. In lighting applications, this long lifetime is not a problem but in displays the long lifetime results in an observable afterglow. To prevent this afterglow, some recent studies have investigated the shortening of the life time of the Mn 2ϩ emission by increasing the concentration of Mn 2ϩ ions. 8, 9 A qualitative study on the influence of the Mn 2ϩ concentration on the lifetime of the Mn 2ϩ emission was reported by Barthou et al. 8 Zn 2 SiO 4 :Mn 2ϩ samples were studied in which the Mn 2ϩ concentration ͑relative to Zn 2ϩ ͒ was varied between 0.05 and 12.5 mol %. Luminescence measurements showed a shift of the emission wavelength from 519 to 526 nm upon increasing the concentration. Lifetime measurements revealed a long lived emission at low concentrations ( ϭ 15 ms). With increasing concentrations, the lifetime decreases and the lifetime measurements show a nonexponential decay behavior. At the highest concentrations, a single exponential decay time of 1.8 ms is reached. Based on the results it was concluded that the shortening of the lifetime was not the result of concentration quenching, but rather the effect of magnetic interactions between Mn 2ϩ neighbors. A more quantitative explanation was presented by Ronda and Amrein who showed that exchange interaction between Mn 2ϩ ion can be responsible for a red shift of the Mn 2ϩ emission and a shortening of the luminescence lifetime. 9 It was suggested that the shortening of the lifetime is only observed at room temperature. 9 This is remarkable since also at low temperatures exchange coupling is expected to relax the spin selection rule resulting in lifetime shortening at low temperatures.
In 
͓1͔
In theory, this exchange interaction can occur for both the 3d n and 4f n transition metal ion pairs. Because the electrons of the 4f n lanthanides are shielded from their surrounding by the filled 5s and 5p orbitals, the interaction is much weaker for pairs of lanthanide ions. The interaction between 4f n and 3d n transition metal ion pairs is expected to be in between and is investigated in this paper.
The second term of Eq. 1 usually is very small and when this term is neglected, the energy values associated with H AB can be determined, which is shown in Eq. 2
From Eq. 2, it can be observed that the energy is dependent on the total spin, S, and on the exchange coupling strength parameter J. The S can take all integer values between the sum and difference of the values of S A and S B . States with different values for S are at different energies. As an example, the pair splitting of Mn 2ϩ is discussed here.
The ground state of Mn 2ϩ ͑3d 5 ͒ is 6 A 1 (S ϭ 5/2) and first excited state 4 T 1 (S ϭ 3/2). When both ions are in the ground state, 6 A 1 , both spins have the same value: S A ϭ S B ϭ 5/2. Therefore, the values of S for the exchange coupled pair can be: (S A ϩ S B ), ..., (S A Ϫ S B ), so S ϭ 5, 4, 3, 2, 1, 0. When one of the Mn 2ϩ ions is in the first excited state, 4 T 1 , and the other ion is in the ground state, 6 A 1 , the total S value can be S ϭ 4, 3, 2, and 1. The sign of J in Eq. 2 is determined by the type of magnetic interaction, J Ͼ 0 for a ferromagnetic and J Ͻ 0 for an antiferromagnetic interaction. 10 As an example for the splitting pattern for a Mn 2ϩ pair with both ions in the ground state and one ion in the excited state, the interaction has been taken as an antiferromagnetic interaction for both the 6 A 1 6 A 1 ground state and the 6 A 1 4 T 1 excited state ͑Fig. 1͒. The value of J is dependent on the distance between ions in the pairs. Emissions originating from the pairs can be ascribed to transitions from the lowest excited spin state to different spin components of the ground state. Transitions where ⌬S ϭ 0 are spin allowed. 10 From Fig. 1 , it can be observed that there are always transitions present, where ⌬S ϭ 0.
The influence of the crystal field on the position of the energy levels for the 3d 5 transition metal ion Mn 2ϩ is given in the TanabeSugano diagram for 3d 5 . A Tanabe 3 and GdF 3 were synthesized using a high frequency furnace. In the furnace, the starting materials YF 3 , GdF 3 , and MnF 2 were in a glassy carbon crucible, which was placed in a quartz tube. The tube was first flushed with nitrogen. After heating to about 540°C, the system was flushed with SF 6 and then, again in a nitrogen atmosphere, heated until the melting point at about 1400°C. The samples were slowly ͑in about 4 h͒ cooled down to room temperature. A polycrystalline powder was obtained after grinding. All samples were found to be single phase, when checked with X-ray powder diffraction on a Philips PW 1729 X-ray generator, using Cu K␣ radiation.
Luminescence and time resolved measurements.-The luminescence measurements for LaAlO 3 :Cr 3ϩ were performed using a Spex Fluorolog spectrofluorometer equipped with two double grating 0.22 m SPEX 1680 monochromators and a 450 W Xenon lamp as excitation source. The excitation wavelength was at 408 nm ͑exciting in the 4 A 2 → 4 T 1 spin-allowed absorption͒ The emission was detected with a cooled Hamamatsu R928 photomultiplier. The time resolved measurements for the Cr 3ϩ -doped aluminates were performed on a frequency doubled Quanta Ray Nd:yttrium-aluminum-garnet ͑YAG͒ laser. The excitation wavelength was at 532 nm ͑exciting in the 4 A 2 → 4 T 2 spin-allowed absorption͒. The emission spectra were measured by a Spex 1269 monochromator ͑1.26 m͒ and light was detected with a cooled Hamamatsu R928 photomultiplier. The decay curves were taken using a Tectronix 2430 digital oscilloscope. The low temperature measurements were done using an Oxford Instruments liquid helium flow cryostat. The emission spectra for the Mn 2ϩ -doped spinel samples were measured on the Nd:YAG-laser described above using the Quanta Ray PDL-2 DyeLaser with a sulforhodamine dye ͑range: 603-625 nm͒. The light of 612 nm was frequency doubled with a Quanta Ray WEX-1 wavelength extender to an excitation wavelength of 306 nm. The emission was detected by an ARC Spectro Pro-300i monochromator ͑length: 0.3 m͒ and a Princeton Instruments charge coupled device ͑CCD͒ camera. Lifetime measurements for the Mn 2ϩ -doped spinel samples were performed using a Lambda Physik LPX-100 XeCl-excimer laser for excitation at a wavelength of 308 nm. The samples were cooled with an Oxford Instruments liquid helium flow cryostat. The emission was spectrally resolved with a Jobin-Yvon 1 m monochromator and detected with a cooled Hamamatsu R928 photomultiplier. The decay curves were measured using a Tectronix 2440 digital oscilloscope.
The luminescence measurements for the Mn 2ϩ -doped YF 3 and GdF 3 samples were performed on the Spex Fluorolog setup described above, whereas the time resolved measurement were done using the Nd:YAG laser setup described above using an excitation wavelength of 355 nm ͑third harmonic of the 1064 nm wavelength͒. The emission was collected using the monochromator with the CCD camera described above. For lifetime measurements an RCA C31034 photomultiplier tube, on the other port of the monochromator, was used and the decay curves were recorded with a Tectronix 2440 digital oscilloscope. . were fitted to the Yokota-Tanimoto model for luminescence decay in the presence of diffusion limited energy migration to traps. Good fits were obtained and information was derived from the fit parameters.
Results and Discussion
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Although it seems to be more correct to fit the nonexponential decay curves to a model which can describe an observed nonexponential decay behavior, we think that in the case of the emission from Mn 2ϩ in MgAl 2 O 4 ͑and also Zn 2 SiO 4 ͒, the Yokota-Tanimoto model is not valid. The model describes the luminescence decay of donor ions in the case of ͑isotropic͒ diffusion limited energy migration to ͑deep͒ traps. 12 The Mn 2ϩ pairs can indeed act as traps, but due to the strong overlap between the emission from pairs and single ions, the luminescence decay curves represent the decay for both the single ions and pairs of ions ͑i.e., donors and traps͒. Therefore, the Yokota-Tanimoto model cannot be applied to this situation. Also, the energy migration will be anisotropic since the donors do not occupy all lattice sites ͑the Mn 2ϩ concentration is not 100%͒ and the donors are randomly distributed over the lattice sites. Finally, the traps are not only populated by energy transfer to traps, but also by direct excitation ͑the excitation spectra of the single ions and pairs are very similar͒. For this situation, the Yokota-Tanimoto model, or any other model which describes the donor or acceptor decay in the presence of direct energy transfer ͑like Inokuti-Hirayama͒ and/or energy transfer via energy migration ͑like the models developed by Burshtein or Huber͒, cannot be applied.
12,13
The values for the lifetime derived from the fit to a single exponential decay is, although unsatisfactory, the best indication for the shortening of the lifetime due to exchange interaction. ͒. This result is consistent with the model presented by Ronda and Amrein: the shortening of the lifetime is due to exchange interaction, while the red shift of the emission results from a difference in the exchange interaction in a pair of ions both in the ground state and one in the ground state and one in the excited state. 19 Based on the stronger exchange coupling, a stronger reduction of the luminescence lifetime can be expected for pairs of Cr 3ϩ ions. In Fig. 8 20 When the Cr 3ϩ concentration is raised, new emission lines appear in the emission spectrum. These lines can be attributed to emission from Cr 3ϩ pairs. As can be expected for pair lines, the relative intensity of the pair emission lines strongly increases with increasing Cr 3ϩ concentration. In Table I emission is due to a combination of the spin-selection rule and the parity selection rule ͑in inversion symmetry the transition within the 3d 3 configuration is parity forbidden͒. For the Cr 3ϩ pairs, the emission lifetime is much shorter, around 2 ms. The shortening of the decay time can be explained by a partial lifting of the spin-selection rule. For the exchange coupled Cr 3ϩ pair, the 2 → 2 and 1 → 1 transitions are formally spin allowed which results in a shortening of the lifetime of the emission from Cr 3ϩ pairs similar to the observation for Mn 2ϩ pairs described above. The stronger exchange cou- . As a result of the weak coupling, lifetime shortening of the long lived Mn 2ϩ emission by magnetic coupling with Gd 3ϩ ions does not seem a promising route to solve the problem of the long lifetime of the green Mn 2ϩ emission in display applications.
Conclusions
Luminescence spectroscopy of exchange coupled pairs of transition metal ions has been reported for different types of pairs. For Cr 3ϩ -Cr 3ϩ pairs the exchange coupling is strong. As a result, the emission spectra are different from the single ion spectra and the lifetime of the spin-forbidden 2 E emission is strongly reduced. For Mn 2ϩ -Mn 2ϩ and Cr 3ϩ -Gd 3ϩ pairs the exchange interaction is weaker than for Cr 3ϩ -Cr 3ϩ pairs. Still, a shift in the emission wavelength and a shortening of the lifetime of the spin forbidden 4 T 1 emission ͑for Mn 2ϩ ͒ or 2 E emission ͑for Cr 3ϩ ͒ is observed. For Mn 2ϩ -Gd 3ϩ pairs, the exchange coupling is too weak to measure a significant change in the spin-forbidden Mn 2ϩ emission. -doped GdF 3 and YF 3 . Both curves were measured at T ϭ 298 K using exc ϭ 355 nm and em ϭ 523 nm.
